Hybridizations were performed between labeled ribosomal ribonucleic acids from Brucella abortus ATCC 2344sT (T = type strain) and from several other organisms on the one hand and deoxyribonucleic acids from type and representative Brucella strains and from many other gram-negative organisms on the other hand. Brucella forms a tight cluster, with deoxyribonucleic acid homologies close to 100% ; its closest neighbors are CDC group Vd, followed by Phyllobacterium. This Brucella ribosomal ribonucleic acid branch links most closely at about 73.1"C Tmce, with the Agrobacten'um-Rhizobium cluster, which is itself a member of ribosomal ribonucleic acid superfamily IV. The deoxyribonucleic acid base compositions of BrucelEa strains range from 57.9 to 59.2 mol% guanine plus cytosine; the average genome molecular weights of the six species range from 2.37 x 109 to 2.82 x 109.
Nearly a century ago Bruce (4) isolated an organism from the spleens of undulant (Malta) fever patients. This was the first representative of the present genus Brucella, a group of organisms that cause brucellosis, a very widespread and economically important zoonosis which mainly infects cattle, sheep, goats and swine and produces an incapacitating disease in humans. For some time only three Brucella species were recognized (1, 2), Brucella melitensis, Brucella abortus, and Brucella suis, with the chief hosts being goats, cattle, and swine, respectively. Three more species, Brucella neotomae (desert wood rats), Brucella ovis (sheep), and Brucella canis (dogs), were added in Bergey's Manual of Determinative Bacteriology, 8th ed. (3), and Bergey 's Manual of Systematic Bacteriology (8). All of the strains which have been examined are genetically very similar, with levels of deoxyribonucleic acid (DNA) homology of more than 84% (mostly between 90 and 100%) (25, 26, 45) . Therefore, a single species, Brucella melitensis, was proposed by Verger et al. (45) .
The taxonomic neighborhood of Brucella is not known. In Bergey's Manual of Determinative Bacteriology, 6th ed. (1, 27), Brucella was listed as a member of the tribe Brucelleae in the family Pawobacteriaceae. In Bergey's Manual of Determinative Bacteriology, 7th ed. (2, 28), Brucella was listed as a member of the family Brucellaceae, together with seven other genera; several of these genera are now members of either the Pasteurellaceae (37; S. Pohl, Ph.D. thesis [rer. nat.], University Marburg, Federal Republic of Germany, 1979) or the Alcaligenaceae (16). On the basis of a numerical analysis of phenotypic features, Johnson and Sneath (31) proposed that the number of genera in the family Brucellaceae should be reduced to three, Brucella, Bordetella, and Alcaligenes. This proposal was not followed in Bergey's Manual of Determinative Bacteriology, 8th ed.
(9, or in Bergey's Manual of Systematic Bacteriology (36) , where the family Bruceliaceae was not mentioned. In both of these reference works Brucelfa was a genus incertae sedis in the section which included the gram-negative rods and cocci.
In a preliminary note De Ley et al. (14) reported that Brucella belongs in ribosomal ribonucleic acid (rRNA) * Corresponding author.
superfamily IV (senstl De Ley [lo]), in particulx in the rRNA branch containing fast-growing Rhizobium, Agrobacterium, Phyllobacterium, Mycoplana and "Achromobacter" CDC group Vd. rRNA cistron similarities among fast-growing Rhizobium, Agrobacterium, Phyilobacterium, and Mycoplana were discovered previously by the Gent research group (20, 30) . "Achromobacter" CDC group Vd contains organisms which were isolated mostly from clinical material; these organisms seem to be separated from all other known gram-negative, glucose-nonfermenting bacteria by a typical set of phenotypic features (7, 21, 32, 33, 41) . The exact taxonomic affiliation of CDC group Vd has not been established yet. It was the purpose of the present study to substantiate the exact suprageneric position of Brucella and CDC group Vd in rRNA superfamily IV and the relationship of these organisms with the Rhizobiaceae.
MATERIALS AND METHODS
Bacterial strains and growth media. All of the strains used are listed in Table 1 . After we verified bacteriological purity by plating, microscopic observation, and Gram staining, the organisms were grown in mass cultures on media as described previously (20) . The Brucella strains (except Brucella ovis) were grown in tryptic soy broth (Difco Laboratories, Detroit, Mich.); 500-ml batch cultures were shaken moderately in 2-liter Fernbach flasks at 35°C and harvested in the late exponential phase of growth. Brucella ovis NCTC 10512T was propagated in surface cultures on tryptic soy chocolate agar (5% [volhol] defibrinated sheep blood heated in molten agar base to 80°C for 15 min before pouring) at 35°C in an atmosphere containing about 5% oxygen and 5% C02. Francisella was grown aerobically at 35°C in surface cultures on cysteine heart agar (Difco) supplemented with 5% (volhol) sterile defibrinated sheep blood (Oxoid Ltd., London, England).
Extraction of high-molecular-weight DNA and fixation of the single-stranded DNA on membrane filters. For lysis of the Brucella strains and Francisella the sodium dodecyl sulfateproteinase K method of S. Pohl (Ph.D. thesis) was used. The method of Marmur (38) was used for extraction of DNA from all of the strains. Before filter fixing of single-stranded DNA, the total DNA was first purified over a CsCl gradient (12, 17, 20) .
Preparation of labeled rRNA. Mainly type strains were used to prepare labeled rRNA. For the preparation of [3H]rRNA from Brucella abortus ATCC 2344gT, the cells were grown in tryptic soy broth (see above) supplemented with 10 mCi of [5,6-3H]uracil in a shake culture that was stopped by cooling it to 0°C when it reached the last one-third of the log phase. The cells were washed and suspended in 0.01 M tris(hydroxymethy1)aminomethane chloride-O.01 M KCl-O.01 M MgC12 (pW 7.2) and kept at -25°C. rRNA was isolated as previously described (12, 20). The 16s or 23s rRNA fractions were isolated after centrifugation in a 15 to 30% sucrose gradient. The following labeled rRNAs were used (specific activities are given in parentheses): Brucella abortus ATCC 2344gT 16s . It is our experience that 16s and 23s rRNAs yield nearly the same results. It is our usual practice to use 23s fractions; in a number of cases, however, there was not enough 23s rRNA, and we had to use the 16s fraction, which contained part of the fragmented 23s fraction.
Chemical determination of DNA. For DNA-DNA hybridizations the concentration of DNA was determined chemically by the method of Burton (6). For rRNA hybridizations the amount of filter-fixed DNA was determined by the method of Meys and Schilperoort (40) , as reported by De Ley and De Smedt (12).
Saturation hybridization between labeled rRNA and filterfixed DNA: determination of the thermal stability of the DNA-rRNA hybrids. The hybridization method of De Ley and De Smedt (12) was used. The thermal stability of the hybrids was expressed by the Tm(e) value, i.e., the temperature at which 50% of a hybrid was denatured in 1 . 5~ SSC, pH 7.0 ( l x SSC [sodium saline citrate] is 0.15 M NaCl plus 0.015 M sodium citrate) containing 20% formamide. The percentage of rRNA binding is another parameter which we used; this is the amount of labeled rRNA bound, in micrograms per 100 pg of DNA fixed on the filter, after ribonuclease treatment.
Genome DNA similarities and genome DNA molecular complexities. The initial renaturation rate of DNA-DNA hybrid formation was measured with a model 2600 ultraviolet spectrophotometer (Gilford Instrument Laboratories, Inc., Oberlin, Ohio). The degree of duplexing (%D), a measure of genome DNA similarity, was calculated by using the initial renaturation rate method and the following equa- 
RESULTS

DNA base composition.
The average % G+C values of the strains which we studied are shown in Table 1 . The G+C values of our Brucella strains ranged from 57.9 to 59.2 mol%; these values are slightly higher than the values of 55 to 58 mol% reported in Bergey 's Manual of Systematic Bacteriology (8). All of the CDC group Vd strains examined by us had G+C values ranging from 57.3 to 59.2 mol%; thus, these values were almost the same as the Brucella values.
Comparisons of DNA-rRNA hybrids. The DNA-rRNA hybridization data are shown in Tables 1 and 2 . These data were obtained from the melting curves of the hybrids and are expressed as (i) Tm(+ the most useful parameter (12, 15, 20) , and (ii) percent rRNA binding. The two parameters from each DNA hybridized with labeled Brucella abortus rRNA are expressed versus each other in an rRNA similarity map in Fig. 1 . The levels of Tm(e) similarity are expressed in a dendrogram in Fig. 2 ; these levels were calculated from data in this paper and previous papers from our research group (20, 30) . DNA-DNA homology. Nine strains, including representatives of each of the Brucella species, were used for DNA-DNA hybridizations. The levels of genome similarity, expressed as degree of duplexing (%D), were between 91 and 100% (average, 96%). (13) showed that the genome sizes of different strains within a single wellestablished species are not greatly different with an average half-range of distribution of 10% of the mean average genome size and a standard deviation of the group of averages of less than 14.5%. When the same type of calculation was applied to Brucella, values of 8.6 and 8%, respectively, were obtained, indicating that Brucella contains but one species. Thus, all Brucella strains examined so far are genetically very similar. Our rRNA and DNA data are in accordance with and confirm the proposal of Verger et al. (45) that there is only one biological species in the genus Brucella, i.e., Brucella melitensis (Hughes, 1893) Meyer and Shaw 1920. All other Brucella species should be relegated to the subspecific level.
The closest neighbor of Brucella is CDC group Vd. This group is rather dense, with G + C values ranging from 57.3 to 59.2 mol%, Tm(e) values versus Brucella between 77.1 and 79.loC, and rRNA binding values between 0.12 and 0.15%. The average Tm(el value for the group is 78.0"C. The very close relationship between these two groups of organisms is a totally new fact. This finding is likely to induce more research on both groups. It suggests a number of questions which will have to be answered in due time (e.g., questions concerning the phenotypic similarities between Brucella and CDC group Vd, the eventual pathogenicity of the CDC group Vd organisms, the taxonomic and nomenclatural status of the organisms, etc). Our preliminary DNA hybridizations revealed a low average level of DNA homology (27%); the CDC group Vd organisms examined would thus not belong to any Brucella species. These data do not allow conclusions at the generic level. On a previous occasion, using 38 CDC group Vd strains, some of us (32) presented a preliminary report on two DNA homology groups, which were interrelated at a degree of duplexing (%D) of 40 to 50%. It is clear (Table 1 and Fig. 1 Table 1 ). All strains of the same phenotypic taxon are linked or surrounded by a solid line. Abbreviations: A. c, "Achromobacter cycloclastes" ; Agr. 1, Agrobacterium cluster 1; Agr. 2, Agrobacterium cluster 2; Agr. f, 'Agrobacterium ferrugineum" ; Agr. ki, "Agrobacterium kieliense"; Agr. ge, "Agrobacterium gelatinovora" ; Alc, Alcaligenaceae; Az. fl, "Azotomonasjuorescens" ; Brad, Bradyrhizobium japonicum; Fr, Francisella tularensis; Myc, Mycoplana; Ps. am, Pseudomonas aminovorans; Ps. di, Pseudomonas diminuta; Ps. ves, Pseudomonas vesicularis; Rh. 1, Rhizobium loti; Rh. m, Rhizobium meliloti; Rhps, Rhodopseudomonas palustris; Rhsp, Rhodospirillum rubrum.
to Alcaligenes or Alcaligenes xylosoxidans and that the name "Achromobacter" is unsuitable; other wrongly used names are Alcaligenes denitrgcans, Alcaligenes sp., and "Pseudomonas arsenoxydans. " An extensive phenotypic and genetic study of CDC group Vd is forthcoming (Kersters et al., manuscript in preparation).
Phyllobacterium is the third member on the Brucella rRNA branch. Phyllobacterium contains gram-negative, polarly or laterally flagellated, aerobic chemoautotrophic small rods which are able to invade leaves of some tropical plants (Ardisia, Pavetta) and induce production of leaf nodules (35). It is not known whether these organisms fix nitrogen (44). Their relationship with the Agrobacterium - and Phyllobacterium is low. The position of Phyllobacterium close to Brucella is unexpected and may induce further research. "Phyllobacterium stappi" (34) was unavailable for inclusion in our experiments.
Brucella rRNA branch and the Agrobacterium-Rhizobium complex. The structure of the Agrobacterium-Rhizobium complex has been clarified by De Smedt and De Ley (20) and Jarvis et al. (30) . The Brucella rRNA branch links to this complex at an average Tm(e) of 73.1 5 0.8"C (Fig. 2) , which was calculated from numerous reciprocal rRNA hybridizations (Tables 1 and 2) (20, 30) . These results show that human-and animal-pathogenic Brucella and the Agrobacterium-Rhizobium complex containing plant pathogens have the same rather close phylogenetic origin and that they sprang from the same ancestors. From a taxonomic and nomenclatural point of view, it is not clear whether Brucella should be included in a revised family Rhizobiaceae (without Bradyrhizobium) or should constitute a revived family Brucellaceae, together with CDC group Vd. The position of Phyllobacterium in the latter family might present a problem. This new and unexpected relationship deserves to be examined more closely with a variety of modern molecular and numerical methods.
Remaining organisms in the Rhizobium-Agrobacterium-Brucella rRNA complex. The remaining organisms in the Rhizobium-Agrobacterium-Brucella rRNA complex are: Mycoplana bullata NCIB 9440, Mycoplana dimorpha NCIB 9439, "Agrobacterium ferrugineurn" Ahrens A43, "Agrobacterium kielense" Ahrens B9, "Azotomonas jluorescens" N C I B 9884, a n d " A c h r o m o b a c t e r cycloclastes" IAM 1013. All of these strains are near the bottom of the Rhizobium-Agrobacterium-Brucella complex (Fig. 2) ; their Tm(el values range from 71 to 77"C, according to the nature of the reference rRNA used and to the strain considered. They may be representatives of new rRNA subbranches, which still have to be studied.
Pseudomonas aminovorans was isolated by den Dooren de Jong (19) from soil enriched with various amines, which served as sole carbon and energy sources. The exact taxonomic position of this species is uncertain (36) . Our DNArRNA hybridization data surprisingly and unexpectedly showed that type strain NCTC 10684 is actually a member of the Rhizobium loti rRNA branch and not a member of Pseudomonas. Other strains of Pseudomonas aminovorans will have to be examined, and the exact relations between the two species will have to be established more precisely.
Relatedness with Alcaligenes, Bordetella, and Francisella. Based on a numerical analysis of 112 phenotypic characters, Johnson and Sneath (31) suggested that the family Brucellaceae should contain the following three genera: Brucella, Bordetella, and Alcaligenes. Our rRNA hybridization data (Table 1) show that this is impossible. Bordetella and Alcaligenes are members of rRNA superfamily I11 and have 7'm(e, values of 57 to 58°C with Brucella. The explanation for the different conclusions is that numerical analyses of phenotypic features yield different results according to the similarity coefficient and the clustering method used and that the lower levels of branching are frequently not a reliable representation of true relationships. Numerical analysis by itself is unable to decide this level of reliability. This reliability level can only be determined in comparison with another method (e.g., DNA or rRNA hybridizations). It is our experience that the levels vary from group to group.
There are some indications that Brucella might bear a similarity to Francisella, another genus of uncertain affiliation in Bergey's Manual of Systematic Bacteriology (36 
